The subcellular localization of enzymes involved in indole alkaloid biosynthesis in leaves of Catharanthus roseus has been investigated. Tryptophan decarboxylase and strictosidine synthase which together produce strictosidine, the first indole alkaloid of this pathway, are both cytoplasmic enzymes. S-Adenosyl-L-methionine: 16-methoxy-2,3-dihydro-3-hydroxytabersonine-N-methyltransferase which catalyses the third to last step in vindoline biosynthesis could be localized in the chloroplasts of Catharanthus leaves and is specifically associated with thylakoids. Acetyl-coenzyme-A-deacetylvindoline-O-acetyltransferase which catalyses the last step in vindoline biosynthesis could also be localized in the cytoplasm. The participation of the chloroplast in this pathway suggests that indole alkaloid intermediates enter and exit this compartment during the biosynthesis of vindoline.
tyltransferase; TDC, tryptophan decarboxylase; SS, strictosidine synthase; NMT, S-adenosyl-L-methionine: 16-methoxy-2,3-dihydro-3-hydroxytabersonine-N-methyltransferase; Hepes, 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid; PMSF, phenylmethylsulfonylfluoride; Rubisco, ribulose bisphosphate carboxylase/oxygenase. thetic pathway in the intact plant has raised the question of the role played by cellular compartmentation in pathway expression. Loganic acid-O-methyltransferase (18) , strictosidine synthase (10) , and strictosidine specific ,3-glucosidase (10) are soluble cytoplasmic enzymes, whereas geraniol hydroxylase is membrane-bound and could be localized in the microsomal compartment (19) . C. roseus cell suspension cultures which do not synthesize vindoline contain a highly specific vacuolar uptake system for this alkaloid (10) . The vacuole could therefore be the site of vindoline accumulation.
This report investigates the compartmentation of TDC, SS, NMT, and DAT in organelles isolated from C. roseus leaves. The results indicate that part of indole alkaloid biosynthesis occurs in the chloroplast. GBq/mmol) was from New England Nuclear. Substrates for marker enzyme activities were from Sigma Chemicals. Percoll was obtained from Pharmacia Fine Chemicals. Alkaloid substrates were from our reference collection or were prepared as described previously (9) . Plant Materials. Catharanthus roseus (L.) g. Don cv Little delicata plants were grown under greenhouse conditions. Preparation of Protoplasts and Fractionation of Lysate. Fresh cuttings from flowering shoots were placed in distilled water and kept in darkness for 48 h to allow starch in the leaves to be metabolized. Leaves, approximately 4 cm in length, were rinsed with 70% ethanol (1 min) followed by sterile distilled water. The leaf blades were then sliced in an enzyme mixture consisting of 2% Onozuka R-10 cellulase (Kanematsu-Gosha, Vancouver, B.C.), 0.25% pectinase (Fungal pectinase, Fluka AG, Terochem Laboratories, Edmonton, Alta.), 0.25% hemicellulase (Rohm and Haas, West Hill, Ontario) in a calcium-sorbitol buffer. The buffer consisted of 3 mM Mes, 5 mM CaCl2, 0.55 M sorbitol (pH 5.8). The enzyme solution was filter-sterilized before use by passing it through a 0.45 ,um Millex-Ha filter (Millipore, Bedford, MA).
The sliced leaves were floated on the enzyme solution in 100 x 15 mm plastic Petri dishes and incubated at room temperature (approximately 22C) in darkness overnight. The resulting protoplasts were released by teasing the leaves and filtering through 85-/Am nylon mesh, with a glass wool prefilter, and the filtrate was centrifuged at 1 50g in a bench-top centrifuge for 3 min.
The yield ofprotoplasts obtained from 18 leaves (6 Petri dishes) was typically 1.5 to 1.8 ml of packed protoplasts. The protoplasts were washed once with calcium sorbitol buffer and resuspended in 6. (12) , using a polyclonal antibody raised to the enzyme isolated from pea. TDC, SS, NMT, and DAT were assayed as described previously (9) , except that 1% (v/v) Triton X-100 was present in the final assay mixtures. Protein was determined by the method of Bradford (5) and Chl was assayed as described by Arnon (3). Chloroplast intactness was estimated by the ferricyanide test described by Lilley et al. (17) . The identity and quality oforganelle fractions were checked by phase contrast light microscopy.
RESULTS
Lysed protoplasts were fractionated by sucrose density gradient centrifugation. The separation of marker enzymes on a linear sucrose gradient is shown in Figure 2 . NADH Cyt c reductase ( Fig. 2A) , Cyt c oxidase (Fig. 2D) , and catalase (Fig. 2C ) plus glycolate oxidase (Fig. 2C ) served as markers for endoplasmic reticulum, mitochondria, and microbodies, respectively, with each organelle migrating at its expected density of 1.12, 1.18, and 1.25 g/cm3 (27) . TDC ( Fig. 2A) , SS ( Fig. 2A) , and DAT (Fig. 2B ) enzyme activities could be found on top of the gradient unassociated with any specific fraction. The NMT enzyme activity (Fig. 2C) , by contrast, closely followed the Chl pattern which identified broken ( d = 1.17 g/cm3) (Fig. 2B ) and intact chloroplasts (d = 1.21 g/cm3) (Fig. 2B ). Rubisco protein ( Fig. 2A) also peaked with the intact chloroplast fraction.
The association ofNMT with the broken and intact chloroplast fractions was further substantiated when intact chloroplasts were isolated by mechanical disruption of leaves and purification by centrifugation through 40% Percoll (Table I ). This protocol yielded approximately 14% purified chloroplasts which were essentially free of catalase, Cyt oxidase, and NADH Cyt c reductase (Table I ). This preparation contained almost 10% of the total N-methyltransferase activity. When losses due to chloroplast breakage were taken into account, almost 65% of the N-methyltransferase activity could be associated with the chloroplast fraction.
When Percoll purified plastids were further fractionated into a supernatant containing chloroplast envelopes, stroma, and small amounts of contaminating thylakoids (as confirmed by Chl content [ Table II ]) as well as a pellet containing predominantly thylakoids (Table TI) Density is expressed as g/cm3. TDC is tryptophan decarboxylase, SS is strictosidine synthase, NMT is S-adenosyl-L-methionine-2, 3-dihydro-3-hydroxytabersonine-N-methyltransferase, and DAT is acetyl coenzyme A: deacetylvindoline-O-acetyltransferase. NADH CCR is NADH Cyt c reductase.
the supernatants at 10,000g for 15 min resulted in isolation of the N-methyltransferase activity in the green pellet (data not shown). This suggests that the thylakoid membranes were being partially disrupted by repeated washings and more of the thylakoid component occurred in the supernatant. This also suggests that NMT is associated with thylakoid membranes and that after thylakoid disruption the enzyme requires the presence of reducing agents for the retention of activity. The requirement for reducing agents confirms previous observations (7) where NMT activity could only be recovered when leaves were extracted with buffers containing high levels of DTT or 2-mercaptoethanol. It is not known why the presence of DTT in the assay mixture inhibits NMT activity in intact thylakoids (Table II) .
The association of NMT with thylakoids was further confirmed when purified intact chloroplasts were lysed as described above and the lysate was centrifuged on a discontinuous sucrose gradient as described by Douce and Joyard (1 1). The discontin- Table I ). Furthermore, NMT enzyme activity was associated with the thylakoid component of chloroplasts (Table II) . These findings would suggest a transport of indole alkaloid precursor from the cytoplasm to the chloroplast for N-methylation, the third to last step in vindoline biosynthesis, to occur. An indole alkaloid product must then be transported out of the chloroplast to the cytoplasm where the final step in vindoline biosynthesis (O-acetylation) occurs. The final product, vindoline, would be transported across the tonoplast membrane and would accumu-late in the vacuole (10) . These biochemical localization studies should, however, be corroborated with histochemical and immunochemical evidence in order to unequivocally substantiate this proposed compartmentation.
The specific association of NMT with the thylakoids of C. roseus chloroplasts would seem to explain why this enzyme has not yet been found in heterotrophic tissue cultures (9) . Future studies with photoautotrophic cell suspension cultures (26) 
